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  AAnalyte  
AAverage mass 
ddeposited ( gg)  

## Rounds  
ssampled  %% of the HE fill deposited  RRef.  

MMortars--CComp B  
60mm RDX 94 11 3×10 −5 [18]  

 TNT 14    
81mm RDX 8500 5  2×10 −3 [18]  

 TNT 1100 5  3×10 −4  
120-mm RDX 4200 7 2×10 −4 [19]  

 TNT 320 7 2×10 −5  
HHand grenade  
M67 RDX 25 7 2×10 −5 [18]  

 TNT ND*    
HHowitzer  

105-mm RDX 95 9 7×10 −6 [19] 
 TNT 170 9 2×10 −5  

155-mm RDX 300 7 5×10 −6 [11]  
 TNT ND    

PPARTIAL--DDETONATIONS  
MMortars--CComp B 

60-mm RDX+TNT   35 [20] 
81-mm RDX+TNT   42 
120-mm RDX+TNT   49 

HHowitzer--CComp B and TNT 
105-mm  RDX+TNT   27 [20] 
155-mm TNT   29 

*ND – Not Detected 
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Soils     Clay           TOC 
     (%)            (%) 

 Kd (L kg-1) 
  TNT     2,4DNT   RDX  HMX        NG NQ 

Newport 
Lonestar 
Cornhuskers 
Crane 
Joliet 
Holston B 
Sharkey Clay 
K+- LAAP Da 
Aqua-gel 

5.6 
10.0 
20.0 
20.6 
23.8 
43.8 
54.4 
32 

> 87 

3.5 
0.06 
0.83 
2.8 
3.6 
1.2 
2.4 

0.20 
ND 

 2.3[46] 
2.5[46] 
4.1[46] 
3.7[46] 
6.8[46] 
3.0[46] 
11[46] 

167[58] 
130[59] 

- 
- 
- 
- 
- 
- 
- 

12.5 
130[59] 

- 
- 
- 
- 
- 
- 
- 

0.66[58] 
6.6[59] 

- 
- 
- 
- 
- 
- 
- 

1.73[58] 
8.9[59] 

 
  
  
  
  
  
  
   

Sassafras loam 11[27] 
16.4[3] 

0.33[27] 
1.30[3] 

 -  
2.34[3] 

 0.7[27]  
0.26[3] 

 
0.60[3] 

Catlin silt loam 15.7[3] 

18[36] 
3.75[3] 

4.23[36] 
  

17.9[36] 
15.30[3]  

2.03[36] 
 1.27[3] 0.24[3] 

Kenner muck 55 35.4  285.2[36]  36.19[36]    
Benndale fine  
sandy loam 

20 0.89  1.77[36]  0.78[36]    

Adler silt loam 4.5[60] 0.29  2.4[60]  0.48[60] 0.48[60] 0.08[62]  
Plymouth sandy 
loam 

14.4[3] 
5.0[60] 

1.72[3]  1.6[60] 5.06[3] 
0.28-2.01[61] 

0.65[60] 0.43[60] 1.41[3] 0.44[3] 

Yokena/Sharkey 
Clay 

48.7 2.4  10[63] 12.5[65] 
9.43 [57] 

3.5[46] 12.1[66]  0.43[64] 

Picatinny 5 0.63   2.06[57]  4.25[66] 3.8(3)  
Grange Hill 10 0.29   0.43[57]  0.12[66]  0.15[64] 
Varennes 4 8.4  4.2[55]  1.9[55] 2.5[27]   
LAAP Ab 6 0.31  26[58]   1[58]   
LAAP Cb 12 0.08  64[58]  0.3[58]    
LAAP Db 32 0.2  167[58] 1.67[65] 0.7[58] 2[58]   
Minerals          
K+-mont. NA ND  21500[37] 7400[37] 1.2[37]    
K+-illite NA ND  12500[37] 3650[37]     
K+-kaolinite NA ND  1800[37] 690[37]     
Ca2+- mont. NA ND  1.7[37]      
Ca2+-illite NA ND  1.2[37]      
Ca2+-kaol. NA ND  0.3[37]      
K+-mont. NAb NDc  414[58]  3.17[58] 22.1[58]      

a LAAP, Louisiana Army Ammunition Plant; b NA: Non applicable; c ND: Not determined. The references are in brackets.  
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ABSTRACT 

There is global interest in many NATO countries (including Canada) to introduce new insensitive 
munitions (IM) compounds for use in various explosives compositions and applications. Several new 
munitions compounds are presently being considered for use by the Canadian Army, including 
dinitroanisole (DNAN), 3-nitro-1,2,4-triazole-5-one (NTO), nitroguanidine (NQ), 1,1-diamino-2,2-dinitro-
ethylene (FOX-7), and N-guanylurea-dinitramide (FOX-12). Here we will provide examples showing how 
the ecotoxicological studies can provide relevant baseline toxicity data on the ecological effect of IM and 
their degradation products for the improved site management at military installations. Understanding 
the environmental fate and impact of new IM compounds will help site managers and environmental 
officers to make science-based decisions to manage their operational activities and training practices.  

The present chapter provides background information to a presentation given on May 13, 2013 at the 
NATO STO meeting in Karlstad, Sweden (AVT-197). In this chapter, we will focus on the scientific 
advancements in the soil ecotoxicology of emerging energetic materials (EM) including insensitive 
munitions (IM) and how this information can be used for ecotoxicological assessment of sites 
contaminated with highly energetic chemicals. The reader is encouraged to consult “Ecotoxicology of 
Explosives” by Sunahara et al. [1] for more detailed information about the effects of traditional 
explosives on ecological receptors and how this information can be used for environmental risk 
assessment. 
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Sustainable training is a necessary component of readiness for the Canadian Armed Forces. But this 
exercise requires use of various munitions, which often lead to severe environmental contamination. 
Consequently, contamination of soil and water by explosives is a serious environmental problem that is 
costing world economy (including Canada) hundreds of millions of dollars to manage and to remediate. 
Recently there has been a global interest in many NATO countries to introduce new IM compounds for 
use in various explosives compositions and applications, e.g., as a replacement for Composition B and 
TNT in the main explosive charge of insensitive medium and large caliber ammunition.  

Several new IM chemicals (Fig. 1) are presently being considered for use by the Canadian Army, 
including 2,4-dinitroanisole (DNAN), 3-nitro-1,2,4-triazole-5-one (NTO), nitroguanidine (NQ), 1,1-
diamino-2,2-dinitro-ethylene (FOX-7) and N-guanylurea-dinitramide (FOX-12). Based on the lessons 
learned from consequences of environmental contamination associated with the use of traditional 
explosives such as TNT, RDX, HMX, and NG (see [1]), it is important to assess the potential 
environmental risks associated with the manufacturing and use of these new IM compounds. Better 
understanding of the environmental fate and effects of new IM compounds will help site manager and 
environmental officers to make the knowledge based decisions for managing training and testing at 
military sites. The present discussion provides examples how the Canadian Department of National 
Defense (DND)-funded program on ecotoxicology of explosives provides relevant baseline toxicity data 
on the ecological impact of IM chemicals and their degradation products for the improved site 
management at military installations across Canada. 
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Highly energetic chemicals used for explosives and propellants can be found in soil at military training 
sites as well as at munitions production and disposal facilities. Contamination of soil, and ground and 
surface water by these chemicals is a serious health and environmental problem, and could result in 
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high costs for managing and mitigation of contaminated sites [1,2]. There is a recent interest in the 
introduction of new shock-IM compounds. The following section describes our recent laboratory studies 
on the ecotoxicology of DNAN, a chemical used in various munitions compositions and applications (e.g., 
PAX-21, IMX-101, and IMX-104) as described by others [3-6]. In water, DNAN can undergo photo-
transformation and can be biologically reduced under anaerobic and aerobic conditions to form 2-
amino-4-nitroanisole (2A-4NAN) and 2,4-diaminoanisole [7-10]. These DNAN degradation studies 
suggest that DNAN can undergo abiotic and biotic transformation in the environment. DNAN can also 
decrease microbial degradation of other munitions. DNAN can inhibit perchlorate degrading bacterial 
activity in batch studies of PAX-21 biodegradation [11].  

Figure 2 shows the structures of DNAN and its transformation products including 2A-4NAN and 4-amino-
2-nitroanisole (4A-2NAN) together with 2,4,6-trinitrotoluene (TNT). These compounds share strong 
electron withdrawing groups (-NO2), which are important in determining the environmental fate, 
transport, transformation, and ecological impact of the explosive [12]. Like TNT, DNAN can initially 
produce mono-amino-reduced product isomers [8].  

 



157 
 

Preliminary unpublished studies [17,18] reported that DNAN was toxic to earthworms Eisenia fetida 
exposed for 28 d in amended field soil (100% mortality at 300 mg/kg). DNAN is toxic to wheat exposed 
to a 0.01 M DNAN solution on filter paper for 7 d [19]. These studies indicate that more information on 
the ecotoxicological effects of DNAN is needed for environmental hazard and risk assessment. 
Therefore, we examined the hypothesis that DNAN, a nitroaromatic compound like TNT, might have 
similar acute and chronic toxicity to selected ecological receptors competed to TNT.  

TOXICITY OF DNAN TO SELECTED AQUATIC AND 
TERRESTRIAL ORGANISMS

Aquatic toxicity tests were performed to compare the toxicity of DNAN to TNT. DNAN was obtained 
from DRDC Valcartier (98.4% pure). A stock solution of DNAN (30 mg in 100 mL water) was prepared and 
kept in the dark at room temperature. Standard 15- and 30-min Microtox toxicity tests [20] used 
aqueous samples containing the test compound dissolved in American Society for Testing and Materials 
(ASTM) type I water. The nominal test concentrations ranged from 0 (negative control) to 126 mg/L, 
based on our earlier studies [21,22]. Data were expressed as the average percentage of light emission 
inhibition compared with the negative control. The test was done in triplicate; negative control was 2% 
NaCl (no DNAN added) in ASTM type I water. The pH was adjusted between 6.0 and 8.0 when necessary 
with either HCl, or NaOH to avoid toxicity associated with pH. Chemical analysis indicated that the 
average measured DNAN concentration of the stock solution was 230 ± 6 (SE) mg/L, and no 
transformation products (2A-4NAN or 4A-NAM) were detected by HPLC analysis (data not shown). Each 
prepared solution was yellow and slightly acidic (pH = 5.6). The pH was adjusted to pH 6-8, using 0.01 M 
NaOH. HPLC analyses of water-based incubation media confirmed the DNAN target concentrations. 

Concentration-response studies examined the aquatic toxicity of DNAN to luminescent bacteria and 
green algae. DNAN inhibited the luminescence of Vibrio fischeri in a concentration-dependent manner 
(Table 1). Studies showed that DNAN and TNT inhibited the luminescence of photobacterium V. fischeri. 
The effects of DNAN and TNT on green algae are discussed below. 

The 15-min Microtox EC50 value for DNAN was 14 (95% CI 12-16) mg/L. The 30-min Microtox EC50 value 
for DNAN was 56 (44-112) mg/L at pH 5.2 (unadjusted), and did not change greatly when the solution pH 
was adjusted (pH 6-8). Microtox toxicity studies of TNT yielded 30-min EC50 value of 0.7 (0.2-1.3) mg/L at 
pH 5.3 (unadjusted), a similar value was found after pH adjustment. These data show that V. fischeri are 
more sensitive to TNT than DNAN. Chemical analyses indicated that the DNAN transformation products 
2A-4NAN and 4A-2NAN were not detectable in the incubation medium after the Microtox test.  
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  DNAN 
mg/L (95% CI)* 

TNT 
mg/L (95% CI) 

Aquatic tests    
Microtox (Vibrio fischeri) 

15 min 
30 min  

 
EC50 
EC50 

 
14 (12-16) 

60 (46-119) 

 
NA 

0.7 (0.5-0.8) 
Algal (Pseudokirchneriella subcapitata) 
growth inhibition (72 h ) 

EC50 4 (3.5-4.2) 0.6 (0.6-0.6) 

Terrestrial invertebrate tests    

Earthworm (Eisenia andrei)    

7-d survival LC50 98 (60-141) 38 (27-43) 

14-d survival LC50 47 (32-81) 38 (28-42) 

48-h avoidance EC50 31 (14-147) NA 

Terrestrial plant tests    

Perennial ryegrass (Lolium perenne)    

 7-d seedling emergence EC50 6 (5-7) 137 (110-165)** 

 19-d growth inhibition EC50 7 (6-7) 86 (70-103)** 

* CI, confidence intervals, N = 3 replicates, ** Data from [24]. NA, not available.  

 

It is difficult to compare the relative toxicities of DNAN, TNT, and dinitrotoluene (DNT) on ecological 
species if the experimental conditions differ among the toxicity tests. To address this issue, we 
compared our Microtox toxicity data with the peer-reviewed Microtox literature using studies that 
reported both 15 min-EC50 and 15 min-EC20 values (converted to mole/L equivalents) [21,22]. Figure 3 
summarizes this analysis and shows that the DNAN transformation product 2A-4NAN had a similar 
toxicity as DNAN, whereas 4A-2NAN was about four-times less toxic than the parent compound. 
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The toxicity of DNAN was then compared with TNT, 2,4-DNT, 2,6-dinitrotoluene (2,6-DNT) and some of 
their reduced transformation products. DNAN was clearly less toxic (at least 20-times) than TNT. 
However, DNAN was more toxic than 2-amino-dinitrotoluene (2-ADNT), 4-amino-dinitrotoluene (4-
ADNT), 2,4-diamino-nitrotoluene (2,4-DANT), 2,6-diamino-nitrotoluene (2,6-DANT), and triamino-
nitrotoluene (TAT). The toxicity of DNAN was similar to 2,4-DNT, 2-amino-4-nitrotoluene (2A-4NT), and 
4-amino-2-nitrotoluene (4A-2NT). DNAN was about 10-times more toxic than 2,4-diaminotoluene (2,4-
DAT), and 2,6-diaminotoluene (2,6-DAT). DNAN was < 10-times less toxic than 2,6-DNT, 2-amino-6-
nitrotoluene (2A-6NT) and 4-amino-nitrotoluene (4A-NT). These results indicate that the order of 
toxicity (from most to least toxic) using 15-min Microtox test data is: TNT > 2,6-DNT and its mono-amino 
transformation products (2A-6NT) > DNAN and its mono-amino transformation products (2A-4NAN and 
4A-2NAN) ≥ 2,4-DNT and its mono-amino transformation products (2A-4NT), and the reduced products 
of TNT transformation (2ADNT, 4ADNT, 2,4-DANT, and 2,6-DANT).  

Presently there is no consensus on the mode of DNAN toxicity. A recent toxicity report hypothesized 
that DNAN toxicity to rats is related to 2,4-dinitrophenol (DNP) that may be formed by DNAN 
metabolism in vivo [15]. DNP is a known mitochondrial uncoupler of oxidative phosphorylation leading 
to increased respiration and decreased ATP generation. Dumitras-Hutanu et al. [19] also speculated that 



160 
 

DNP might be underlying the toxicity of DNAN to wheat. It is unlikely that DNP is the toxicant underlying 
DNAN toxicity in the present studies. Firstly, if the toxic effects of DNAN on luminescent bacteria (15-
min EC50 = 70 mol/L; Table 1) is caused by DNP toxicity (Microtox 15-min EC50 is 215 mol/L) [23], then 
nearly all of the DNAN added to the Microtox test media should have been transformed to DNP. Our 
chemical analysis showed no change in DNAN concentration in the 15-min Microtox test media. 
Secondly, DNP was not detected in the incubation media, although internal DNP concentrations (within 
V. fischeri) were not measured. Therefore, it is unlikely that DNAN toxicity was caused by DNP, at least 
using the Microtox test. Other modes of toxicity include direct effects of DNAN on the organism 
following dermal absorption or ingestion of DNAN in soil, or by indirect and secondary toxic effects, e.g., 
caused by the formation of DNAN transformation product 2A-4NAN.  

Individual chronic toxicities of DNAN and TNT to freshwater green algae were tested using the 72-h 
growth inhibition of Pseudokirchneriella subcapitata, as described elsewhere [22,24]. Algae were 
exposed to different nominal concentrations of aqueous DNAN solutions ranging from 0 (negative 
control) to 10 mg/L, or aqueous TNT solutions from 0 (negative control) to 51.2 mg/L. The number of 
algae cells was measured, and the percentage of growth inhibition was calculated compared with the 
negative control. Data were used to determine the inhibitory concentration that causes 50% reduction 
of cell growth compared to a control (EC50). Results indicate that DNAN was toxic to freshwater green 
algae P. subcapitata using the 72-h growth inhibition test. Table 1 shows the 72 h-EC50 values (95% CI) of 
2 (1.7-2.2) at pH 5.2 (unadjusted), and 4 (3.5-4.2) mg/L after pH adjustment (pH 6-8). P. subcapitata was 
more sensitive to TNT with 72 h-EC50 value of 1 (0.6-0.7) mg/L at pH 5.3 (unadjusted) than DNAN 
described above. These data indicate that P. subcapitata was approximately three-times more sensitive 
to DNAN than the V. fischeri.  

For terrestrial toxicity testing, a natural sandy soil (DRDC2010; 0.7% clay, 2.0% organic matter, 97.6% 
sand, 1.6% silt, and pH 5.5-6.0) provided by DRDC Valcartier in 2010, was used. This soil was amended 
with DNAN using acetone as the carrier solvent as described previously [25]. E. andrei were originally 
obtained from Carolina Biological Supply (Burlington, NC, USA) and were cultured in our laboratory, as 
described elsewhere [26]. Clitellated earthworms (from 307 to 626 mg) were acclimated to laboratory 
conditions in the DRDC2010 soil for 24 h prior to testing. The 7- and 14-d earthworm lethality tests were 
done according to earlier methods [27,28] and included the following EM concentration ranges from 0 
(negative control) to 300 mg/kg dry soil for DNAN, or from 10 to 200 mg/kg dry soil for TNT. After 7-d 
exposure, earthworms were counted and dead individuals were removed, and the experiment was 
continued for another week. After 14-d exposure, earthworms were counted, rinsed, weighed, purged 
on filter paper, and stored in -80°C for tissue residue determination. Data were expressed as the total 
number of survivors in the different treatment groups compared with the control. The concentration 
that causes 50% mortality compared to control (LC50) was calculated using the linear interpolation 
method, and was used as the toxicity endpoint value.  

Data indicated that both TNT and DNAN-amended soils were toxic to earthworms (Table 1). The LC50 
values (mg/kg; 95% CI in parentheses) for earthworm survival were 38 (27-43) and 38 (28-42) for TNT, 
and 98 (60-141) and 47 (32-81) for DNAN, for the 7-d and 14-d exposures, respectively. Exposure to 
DNAN amended soils also caused a minor but significant decrease in worm wet weights (p ≤ 0.05) at 
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concentrations ≥ 20 mg/kg (data not shown). These data show that earthworms were up to 2.6-times 
more sensitive to TNT (192 moles/kg) compared to DNAN (495 moles/kg), under the same 
experimental conditions. The EC50 values reported here (using a sandy soil) are lower than those 
reported in other studies using TNT-amended forest soils [29-31]. The difference in relative toxicities of 
DNAN and TNT, as well as their degradation products, to the earthworm may be attributed to the 
differences in soil properties (e.g., clay and organic matter contents) leading to irreversible sorption to 
soil, and associated microbial degradation potentials of the two soils [12,32].  

Chemical analyses of test soil (Fig. 4A) and earthworm tissue (Fig. 4B) showed that addition of 
earthworms to soil aided in transformation of DNAN to 2A-4NAN. Soil samples without added worms did 
not show DNAN degradation products. These results are consistent with findings of Perreault et al. [8] 
who also detected 2A-4NAN as the major end-product formed via arylnitroso and aryl-hydroxylamino 
intermediates, using an isolated Bacillus strain (13G) from aerobic soil microcosms incubated with 
DNAN. The tissue concentrations of 2A-4NAN were always higher than DNAN for all soil concentrations 
tested. The DNAN transformation product 4A-2NAN was not detected, suggesting that DNAN 
biotransformation is regio-selective and probably involves enzymes associated with the earthworms, as 
discussed below.  

  

 

Behavioral studies of earthworms exposed to sub-lethal concentrations of DNAN in soil were conducted, 
based on the earthworm toxicity results reported above. The earthworm 48-h acute avoidance test 
measures the behavior of earthworms in stainless steel circular test units containing amended soil, as 

A B 
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described by others [28,33]. Separate test units were used for each DNAN concentration. The nominal 
DNAN concentrations in soil were from 0 (control) to 1000 mg/kg. Worms were allowed to move 
between compartments. At the end of the study, each compartment was carefully emptied and 
earthworms were counted, recorded, rinsed, purged, and weighed on filter paper for tissue residue 
determination. Soil samples were also taken for later extraction and chemical analysis for DNAN and its 
products. The avoidance response was expressed as percentage of the average ratio of earthworms 
found in the control compared with treated sections of each test unit, according to the following 
equation: 

 

where, at the end of the study, (# worms in clean soil) is the number of live worms found in all 
compartments containing unamended soil, (# worms in test soil) is the number of live worms found in all 
compartments containing DNAN-amended soil, and (total # worms) is the total number of live worms 
found in all compartments. Earthworms from controls and treated compartments were analyzed 
separately for the presence of DNAN or its metabolites.  

Results showed that earthworms could detect and avoid exposure to DNAN, and a concentration-
dependent avoidance effect was observed (Table 1). Earthworms did not show preferences (or 
avoidance) to groups having 20 mg/kg or less DNAN amended soil. The EC50 value for avoidance was 31 
(95% CI, 14-147) mg/kg. Earthworms have a similar avoidance response to TNT-contaminated field soils 
at comparable concentrations (29 mg/kg) [34]. It is not known whether the worm avoidance response to 
DNAN reflects sensorimotor effects [35] that may lead to neurotoxicity, because DNAN-induced 
neurobehavioral effects were reported in rat toxicity studies [15].  

Determination of the DNAN toxicity and behavioral endpoints expressed as concentrations (such as LC50 
or EC50 values) for earthworms is very challenging, because the soil DNAN concentrations were not 
stable and decreased during both earthworm tests. Decreased DNAN concentrations could result from 
DNAN transformation (as evidenced by 2A-4NAN formation) and sorption to soil components. It is 
possible that the observed effects in earthworms are caused by DNAN or by its transformation products 
such as 2A-4NAN. Transformation of nitroaromatic compounds by earthworms was reported in studies 
with TNT amended soils [30,31]. Metabolism studies should be conducted to examine the soil toxicity of 
2A-4NAN, and the effect of earthworms and their microflora on DNAN transformation. 

The phytotoxicity of DNAN in soil was assessed using perennial ryegrass Lolium perenne Express and test 
methods previously described [25,27,36]. Nominal concentrations of DNAN ranged from 0 (negative 
control) to 10 mg DNAN/kg soil. All treatments were carried out in triplicate. Tests were performed in a 
temperature and light-controlled growth chamber. Seedling emergence was determined after 7 d, 
whereas shoot growth (dry mass) was determined after 19 d. Shoots were cut just above the soil line, 
and dry mass per treatment groups (mg tissue) was determined after lyophilizing the shoot tissue in a 
freeze-dryer for 24 h.  
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Ryegrass emergence was inhibited when seeds were sown in DNAN amended soil at concentrations 
greater than 5 mg/kg. Table 1 shows similar EC50 (95% CI) values for both 7-d seedling emergence and 
19-d shoot growth, i.e., 6 (5-7) and 7 (6-7) mg/kg, respectively. The phytotoxicity reported here is 
consistent with Lotufo et al. [16] who studied DNAN phytotoxicity to wheat (Triticum aestivum) using 
filter paper tests. Our results also show that ryegrass is more sensitive to DNAN than earthworms 
(lethality and avoidance responses) for similar durations of exposure. DNAN can be more phytotoxic 
than TNT (EC50 = 137 mg/kg) [25] or 2,4-DNT (EC50 = 16 mg/kg), based on other studies using the same 
ryegrass species and a Sassafras sandy loam, which had a higher clay content and lower pH [37] 
compared to the soil used in our studies. Further studies should be carried out to confirm the relative 
order of these phytotoxicities. 

 

2.2 BIOACCUMULATION OF IM USING EARTHWORMS EXPOSED 
TO DNAN-AMENDED SOIL 

Earthworm uptake experiments were performed using DNAN amended into DRDC2010 sandy soil. DNAN 
concentration in soil of 30 mg/kg was chosen as a non-lethal exposure [38] for the bioaccumulation 
study. Six earthworms were placed into each replicate (n = 3) test unit containing 60 g (dry wt.) of moist 
soil. Earthworm wet weights were recorded at the start of the experiment. Measurements of DNAN in 
tissue and soil samples were taken by a time-series sampling in which earthworms were sampled 
destructively from 0.25 to 14 d of exposure.  

On each sampling, the earthworms were collected, counted, rinsed with ASTM type I water, and 
depurated for 24 h on a moistened filter paper. The earthworms were then rinsed blotted-dry, placed 
into glass tubes, weighed, and were immediately frozen at -80 C. Soil samples from each replicate 
container were homogenized and stored at -20 C until processed for HPLC analysis. Chemical analyses 
were conducted on triplicate samples of soil or tissue collected from each treatment group on the 
designated sampling days. 
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The accumulation of DNAN by earthworms in soil at different exposure durations was investigated, as 
described by Sarrazin et al. [26]. All the earthworms (DNAN-exposed, and controls) survived in this 
experiment and had healthy appearance. DNAN accumulated in earthworms as early as 2 h of exposure 
(Fig. 5). The DNAN tissue concentration was maximal (337 mg/kg tissue) at 1 d of exposure, and then 
decreased steadily until the end of the test (14 d). As DNAN concentration increased, 2A-4NAN was 
formed and its concentrations steadily increased in the worm tissue until the end of the 14-d exposure 
test (Fig. 5, Table 2). The bioaccumulation factor (BAF) was calculated as the ratio of DNAN 
concentrations in tissue compared to soil. DNAN is accumulated in soil invertebrates (BAF > 1) using the 
earthworm as an example. Table 2 shows that the BAF value increased from 6 to 13 during 0.08 to 1 d 
exposure, and then decreased to BAF of 2, at 14 d exposure. During this study period, the soil DNAN 
concentration decreased from 24 to 4 mg/kg.   
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Exposure (d) 
Final DNAN 

concentration in soil 
(mg/kg) 

DNAN in 
earthworm 

(mg/kg tissue)** 

2A-4NAN in 
earthworm (mg/kg 

tissue)*** 

BAF***
* 

0.08 (2 h) 24 159 ± 10 33 ± 4 6 
0.25 (6 h) 23 204 ± 20 50 ± 1 8 

1 18 337 ± 32 111 ± 24 12 
2 16 300 ± 9 158 ± 8 11 
3 12 210 ± 49 170 ± 2 8 
7 7 132 ± 19 234 ± 9 5 
9 5 83 ± 4 221 ± 5 3 

14 4 41 ± 11 262 ± 21 2 

*: nominal concentration at beginning of test was 30 mg/kg. ** Mean ± SD (n = 3 replicates), ***: the isomer 4A-
2NAN was not detected, ****: Bioaccumulation factor (BAF) was the ratio of the tissue DNAN concentration in 
tissue (mg/kg) to the soil DNAN concentration (30 mg/kg, measured prior to addition of earthworms to test soils).  

3.0 ECOTOXICOLOGY OF NTO, NQ, FOX-7, AND FOX-12 
There is limited information available on the toxicity of other IM such as NTO, NQ, FOX-7, and FOX-12 
were obtained from DRDV Valcartier. Their chemical structures are shown in Figure 1. Almost no 
information is available on the impact of these compounds on ecological receptors. Smith and Cliff [39] 
reported that NTO as well as its synthetic precursor 1,2,4-triazol-5-one are not toxic when tested in vivo 
using mice, rats, and rabbits. In addition, Sarlauska et al. [40] examined the toxicity of NTO by looking at 
selected enzymes isolated from pig, or a virus-transformed lamb kidney fibroblasts line (FLK cells). These 
authors have shown that NTO is less toxic than TNT because NTO is a weaker electron acceptor than TNT 
(LC50 of NTO > 3500 μM compared to 25 μM for TNT). It is thought that even if NTO has low toxicity, the 
release of this compound in the environment may represent a potential threat because it may be 
degraded with microbes [41]. Recent in vitro and in vivo studies indicated that NTO was not genotoxic, 
and suggest a low risk of genetic hazards associated with exposure [42]. 

3.1 AQUATIC TOXICITIES OF NTO, NQ, FOX-7, AND FOX-12 
NTO, NQ, FOX-7, and FOX-12 were dissolved separately in water to their maximum water solubility 
limits, and the toxicity was then evaluated using the standard toxicity assays described above. These 
assays were designed to assess the toxicity of the compound dissolved in water at half of its maximum 
water solubility and lower. Table 3 shows the preliminary results of individual exposures of these 
compounds to V. fischeri for 15 min. 

.
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EC20* 

(mg/L) 

EC50* 

(mg/L) 

LOEC 

(mg/L) 

NOEC 

(mg/L) 

     
NTO 2405 

(940-3399) 
5100 

(3533-26625) 
1222 611 

NQ 1253 
(1032-1544) 

3727 
(2647-7351) 

812 406 

FOX-7 >128 >128 >128 128 
FOX-12 874 

(588-1067) 
1816 

(1532-2406) 
843 421 

     
* ECx values were obtained using Maximum Likelihood-Probit and are expressed mg/L, with 95% confidence 
intervals in parentheses. N = 3 replicates. 

Compound FOX-12 was more soluble (3405 mg/L) than FOX-7 (259 mg/L) and probably explains why 
FOX-12 is more toxic than FOX-7. The EC50 of FOX-12 was 1816 mg/L, whereas no toxicity was observed 
for FOX-7 at or below 128 mg/L. These two compounds (FOX-7 and FOX-12) are less toxic than DNAN 
(EC50 = 14 mg/L, see Table 1). Data indicates that within their solubility limits of IM compounds, the 
relative toxicity profile (most to least toxic) based on 15 min-EC50 values for Microtox was DNAN > FOX-
12 > NQ ≈ NTO > FOX-7. 

Individual exposures of NTO, NQ, FOX-7, and FOX-12 inhibited P. subcapitata growth in the 96-h 
exposure test. The results presented in Table 4 show a similar toxicity for both FOX-7 and FOX-12 (EC20 
of 9 and 10 mg/L, respectively). In addition FOX-12 is 100 times more toxic to algae (EC50= 17 mg/L) than 
V. fisheri (EC50= 1816 mg/L). DNAN was 8 to 10 times more toxic to algae (EC50= 2 mg/L, see Table 1) 
than FOX-7 or FOX-12. Compared to the latter IM chemicals, NTO and NQ were less toxic, having EC50 
values 2324 and 1094 mg/L, respectively. The relative toxicity profile (most to least toxic) based on 72 h-
EC50 values for green algae growth inhibition was DNAN > FOX-7 ≈ FOX-12 > NQ > NTO. 
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EC20* 

(mg/L) 
EC50* 

(mg/L) 
LOEC 

(mg/L) 
NOEC 
(mg/L) 

     
NTO 1587 

(1535-1652) 
2324 

(2130-2579) 
4489 2245 

NQ 760 
(0.0-924) 

1094 
(925-1195) 

1491 746 

FOX-7 9 
(3-12) 

22 
(17-25) 

15 7 

FOX-12 10 
(9.5-10.4) 

17 
(17-18) 

12 6 

     
* ECx values are obtained from linear interpolation analyses and are expressed as mg/L. N = 3 replicates. 

3.2 TERRESTRIAL TOXICITIES OF NTO, NQ, FOX-7, AND FOX-12 
Terrestrial toxicities of NTO, NQ, FOX-7, and FOX-12 were assessed using earthworms and plants (Tables 
5 and 6) according to standard protocols described above. Table 5 indicates that NQ and FOX-12 were 
not lethal to the earthworm at the highest concentrations tested. In contrast, NTO (LC50 = 2768 mg/kg) 
and FOX-7 (LC50 = 6463 mg/kg) were lethal to earthworms, but their toxicities (higher LC50 values) were 
much less than DNAN (LC50 = 47 mg/kg) or TNT (LC50 = 38 mg/kg) (see Table 1). The relative toxicity 
profile (most to least toxic) based on 14 d-LC50 values for earthworm survival was DNAN >NTO > FOX-7 > 
NQ ≈ FOX-12. 

  
14 d-LC20 

mg/kg 
14 d-LC50 

mg/kg 
BAF* 

NTO 1687** 2768** 0.2 

NQ >4768 >4768 0.4 

FOX-7 1108*** 
(541-2129) 

6463**** 0.04 

FOX-12 
-
-

 
>3187 
>2742 

 
>3187 
>2742 

 
0.3 
Nd 

    

* Preliminary bioaccumulation factor (BAF) estimated using the concentration ratio of tissue to soil after 14 d 
exposure in amended soil at sub-lethal conditions. ** Only one concentration with toxic effect (LOEC). *** LCx 
values were obtained using Maximum Likelihood-Probit and are expressed mg/kg, with 95% confidence intervals in 
parentheses (N = 3 replicates). ****Above the maximum concentration tested. Nd: not determined.  
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The effect of NTO, NQ, FOX-7, and FOX-12 on the perennial ryegrass seedling emergence and growth of 
perennial ryegrass (Lolium perenne) are summarized in Table 6. A preliminary experiment with NTO 
showed that soil were acidic (pH 3.7 to 5.1) following amendment with NTO at concentrations up to 
5000 mg/kg. Therefore, ryegrass seedlings did not emerge in soils amended with ≥ 10 mg/kg. In the 
second study, initial concentrations of NTO measured in soil were from 0 (control) to 7.9 mg/kg. The 
initial soil pH values were similar to control soil (pH around 5.6). NTO amended soil inhibited ryegrass 
seedling emergence and the growth (Table 5). EC50 values of 6 (5-6) mg/kg and 2 (0-4) mg/kg were 
estimated for emergence and growth, respectively.  

Initial measured concentrations of NQ in soil ranged from 0 (control) to 4768 mg/kg. Preliminary data 
indicated that NQ-amended soil did not inhibit ryegrass seedling emergence or growth (Table 6). The 
initial measured concentrations of FOX-7 in soil were from 0 (control) to 4755 mg/kg. These data 
indicated that FOX-7 amended soil did not inhibit ryegrass seedling emergence, but effects on the 19 d 
growth were observed at 79 mg/kg and higher. Additional experiments using concentration higher than 
4755 mg/kg should be conducted to estimate the EC50 value. 

 
EC20* 
mg/kg 

EC50* 
mg/kg 

LOEC 
mg/kg 

NOEC 
mg/kg 

7 d seedling emergence     

NTO 5 
(4-5) 

6 
(5-6) 

4 2 

NQ > 4768 > 4768 > 4768 4768 

FOX-7 > 4755 > 4755 > 4755 4755 

FOX-12 
93 

(68-154) 
36 

(10-53) 
100 4.5 

     

19 d growth inhibition (dry weight)     

NTO 1 
(0-3) 

2 
(0-4) 

2 1 

NQ > 4768 > 4768 > 4768 4768 

FOX-7 23 
(0-61) 

> 4755 79 8 

FOX-12 15 
(0-45) 

82 
(51-119) 

5 < 6 

     
*ECx values were obtained from linear interpolation analyses and are expressed as mg/kg (N = 3 replicates.) 
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Initial measured soil concentrations of FOX-12 ranged from 0 (control) to 5929 mg/kg. Preliminary data 
indicated that FOX-12 amended soil inhibited ryegrass seedling emergence and growth. The EC50 (95% 
CI) values of 93 (68-154) mg/kg and 82 (51-119) mg/kg were observed for the 7-d early seedling 
emergence and the 19-d growth, respectively. The relative toxicity profile (most to least toxic) based on 
19 d-EC50 values for ryegrass growth inhibition was DNAN ≈ NTO > FOX-12 > NQ ≈ FOX-7. 

We have described the aquatic and terrestrial ecotoxicities of DNAN, NTO, NQ, FOX-7, and FOX-12, 
based on our preliminary experiments. Different experimental and conceptual approaches were used to 
compare the toxicity of an IM such as DNAN (used as a TNT replacement in melt-cast formulations) to 
that of TNT. Microtox studies indicated that DNAN was less toxic than TNT or DNT. Future studies should 
confirm the relative toxicities of DNAN and TNT using other aquatic and terrestrial species. 

Ecotoxicity of DNAN can be compared to other IM chemicals such as NTO, NQ, FOX-7, and FOX-12. Table 
7 is a compilation of EC50 and LC50 values from Tables 1 to 6. These results show the IM concentrations 
that cause toxic effects in different aquatic (bacteria and algae), as well terrestrial (plants and 
invertebrates) species. Relative IM toxicity data analyses (i.e., comparing the columns) indicate that 
DNAN appears to be the most toxic IM to many of the test species, as indicated by the red squares. The 
toxicity of TNT to most of our test organisms (except algae) [see 43,44] was greater than that of the test 
IM chemicals. 

For relative sensitivity analysis (i.e., comparing the rows), there is no consensus on the sensitivity of 
species to any particular IM as indicated by different colored circles; although, freshwater green alga 
appears to be very sensitive to most (but not all) of the test IM chemicals. Further studies should be 
conducted to fill in the data gaps, and should include toxicity testing using additional freshwater and 
terrestrial test species, definitive dose-response studies with multiple concentration treatments to 
replace those using only one exposure concentration (NTO, 14 d earthworm survival), as well as to 
consider sub-lethal responses (e.g., reproduction) in earthworms. 

Laboratory soil toxicity studies indicated that IM compounds (e.g., DNAN) can be transformed (by biotic 
or abiotic processes) to reduced products (e.g., 2A-4NAN). DNAN and 2A-4NAN were measured in both 
the test soil (with worms added) and test organism (worm) at the end of the toxicity study. 
Ecotoxicology risk assessors are cautioned that toxicity is not necessarily caused by the parent test 
compound. In fact, the toxicity observed in the present studies could be due to the formation of a toxic 
metabolite, as shown earlier by Lachance et al. [31] using earthworms exposed to TNT-amended soil. 
The toxicity of the 2A-4NAN in earthworms should be studied further. 
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 EC50 values (95% CI) mg/L or mg/kg 

 

 
DNAN NTO NQ FOX-7 FOX-12 

      

Aquatic Species      
Bacteria  
(Microtox, mg/L) 
 15 min inhibition 

 
 

14 
(12-16) 

 
 

 
 

5100 
(3533-
26625) 

 

 
 

3727 
(2647-
7351) 

 

 
 

> 128 
 
 

 

 
 

1816 (1532-2406) 
 
 

 
Algae  
(green algae, mg/L) 
 96 h growth  

 
 

4 
(3.5-4.2) 

 
 

 
 

2324 
(2130-
2579) 

 

 
 

1094 
(925-
1195) 

 

 
 

22 
(17-25) 

 
 

 
 

17 
(17-18) 

 
 

Terrestrial species      
Plants  
(ryegrass, mg/kg) 
 7 d Seed 

emergence 
 19 d Growth  

 
 

6 (5-7) 
7 (6-7) 

 

 
 

6 (5-6) 
2 (0-4) 

 

 
 

> 4768 
> 4768 

 

 
 

> 4755 
> 4755 

 

 
 

36 (10-53) 
82 (51-119) 

 
Invertebrates  
(earthworms, mg/kg) 
 14 d Survival 
 

 
 

47 (32-81) 
 

 
 

2768** 
 

 
 

> 4768 
 

 
 

6463*** 
 

 
 

GU >3187, Di-NA >2742 
 

      

* Data taken from Tables 1 to 5 of this article. ** Only one concentration with toxic effect.  
*** Above the maximum concentration tested. GU: Guanylurea, DiNA-Dinitramide 
Relative species sensitivity to a single IM ( , comparing rows): Red: highest; Blue: moderate; Green: lowest 
Relative IM toxicity to a single species ( , comparing columns): Red: highest; Blue: moderate; Green: lowest 
Colored boxes signify common degrees of relative toxicity and sensitivity.  

Tissue residue analyses of IM in bioaccumulation studies can provide evidence of potential trophic 
transfer in the food chain. Preliminary data indicate that DNAN has potential to be bioaccumulated in 
soil; however, this effect may be limited by the rate of DNAN degradation in soil and its biota. The 
reader should appreciate that the toxicity and bioaccumulation of IM described here represent a worst 
case scenario. Our soil toxicity studies tested IM chemicals freshly amended in a sandy soil (from DRDC 
Valcartier), which has a relatively high IM bioavailability. Weathering and aging of test compounds in soil 
should also be included in the experimental designs to improve our understanding of potential exposure 
conditions in the field with concomitant alterations in exposure effects on terrestrial receptors.  
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This chapter reviews the adverse effects of different IM chemicals on different ecological receptors 
(bacteria, algae, terrestrial plants, and soil invertebrates). These data and those from future ecotoxicity 
studies can be used for the ecotoxicological risk assessment and science-based management of sites 
contaminated with emerging environmental pollutants such as IM chemicals.  

Authors thank Kathleen Savard, Sylvie Rocheleau, and Louise Paquet who provided valuable technical 
assistance during our ecotoxicity studies. This project was partially funded by National Defense Canada 
(DRDC Valcartier) and the Strategic Environmental Research and Development Program (ER-1734).  
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